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Intimate attachment to the host cell leading to the formation of attaching and effacing (A/E) lesions is an 
essential feature of enterohemorrhagic Escherichia coli (EHEC) 0157:H7 pathogenesis. In a related pathogen, 
enteropathogenic E. coli (EPEC), this activity is dependent upon translocation of the intimin receptor, Tir, 
which becomes tyrosine phosphorylated within the host cell membrane. In contrast, the accumulation of 
tyrosine-phosphorylated proteins beneath adherent EHEC bacteria does not occur, leading to questions about 
whether EHEC uses a Tir-based mechanism for adherence and A/E lesion formation. In this report, we 
demonstrate that EHEC produces a functional Tir that is inserted into host cell membranes, where it serves 
as an intimin receptor. However, unlike in EPEC, in EHEC Tir is not tyrosine phosphorylated yet plays a key 
role in both bacterial adherence to epithelial cells and pedestal formation. EHEC, but not EPEC, was unable 
to synthesize Tir in Luria-Bertani medium but was able to secrete Tir into M9 medium, suggesting that Tir 
synthesis and secretion may be regulated differently in these two pathogens. EHEC Tir and EPEC Tir both bind 
intimin and focus cytoskeletal rearrangements, indicating that tyrosine phosphorylation is not needed for 
pedestal formation. EHEC and EPEC intimins are functionally interchangeable, but EHEC Tir shows a much 
greater affinity for EHEC intimin than for EPEC intimin. These findings highlight some of the differences and 
similarities between EHEC and EPEC virulence mechanisms, which can be exploited to further define the 
molecular basis of pedestal formation. 



Enterohemorrhagic Escherichia coli (EHEC) 0157:H7 is a 
major cause of serious diarrhea in North America. In young 
children and the elderly, EHEC can cause a serious systemic 
complication, known as hemolytic-uremic syndrome, charac- 
terized by hemolytic anemia, thrombocytopenia, and renal fail- 
ure (36). The mechanism by which EHEC causes disease is not 
well understood. EHEC belongs to a family of pathogens that 
cause attaching and effacing (A/E) lesions. A/E lesion forma- 
tion has also been characterized in enteropathogenic E. coli 
(EPEC) and involves the degeneration of the epithelial brush 
border microvilli and the formation of actin-rich pedestals 
within the host cell beneath the adherent bacteria (32, 35). 

Intimin, a 94-kDa outer membrane protein expressed by 
EPEC and EHEC, is required for intimate attachment to the 
host cell and A/E lesion formation. Deletions in intimin render 
EPEC unable to focus the actin cytoskeleton, and in vivo stud- 
ies have shown that both EPEC and EHEC require intimin for 
full virulence (6, 9, 10, 13, 44). Sequence analysis of intimins 
from several species has revealed homology at their amino 
termini but only about 50% identity at their carboxy-terminal, 
cell surface binding domains (18). These findings have led to 
speculation that EPEC and EHEC intimins bind to different 
receptors on the host cell. Experiments comparing the adhe- 
sion patterns of an EHEC intimin mutant expressing EPEC 
intimin and a wild-type EHEC strain have been done with a 
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gnotobiotic piglet model (44). Unlike wild-type EHEC, which 
adheres to the large intestine, the EHEC strain expressing 
EPEC intimin adhered to the small and large intestines in a 
manner typical of EPEC in this animal model, again indicating 
that EHEC and EPEC intimins may bind to different recep- 
tors. 

In EPEC, intimin binds to its receptor, Tir (translocated 
intimin receptor) (28), which was initially believed to be a 
mammalian membrane protein that was originally called Hp90 
and that was tyrosine phosphorylated in response to EPEC 
infection (40). Recent work revealed that Hp90 is not a mam- 
malian protein but is a previously uncharacterized EPEC-se- 
creted protein which is translocated to the host cell and is 
essential for pedestal formation. EPEC Tir is tyrosine phos- 
phorylated within the host cell, although the role that phos- 
phorylation plays in pedestal formation is unclear. Intimin 
binding to Tir induces extensive cytoskeletal rearrangements 
within the host cell and modulates signal transduction path- 
ways, including the activation of phospholipase C-7 (29). 

Although EHEC and EPEC share the ability to form A/E 
lesions within the host cell, there are important differences 
between these two pathogens. One major difference is that 
EHEC does not accumulate tyrosine-phosphorylated proteins 
beneath adherent bacteria (25). In EPEC, these proteins cor- 
respond primarily to tyrosine-phosphoryled Tir (28), yet both 
pathogens cause similar cytoskeletal rearrangements. This fea- 
ture, along with differences in both the intestinal colonization 
sites and the primary sequence of intimin, has led to specula- 
tion about whether EHEC, like EPEC, uses a Tir-based mech- 
anism to form A/E lesions. To address this issue, we set out to 
determine whether EHEC 0157:H7 actually produces Tir and, 
if so, whether it functions as the EHEC intimin receptor. In 
this report, we describe the identification, cloning, and char- 
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TABLE 1. EHEC and EPEC strains used in this study 


^ 


Relevant characteristic(s) 


Reference(s) or source 


86-24 


EHEC 0157:H7 wild type 


23 


UMD619 


EHEC 86-24 intimin mutant 


10 


CVD451 


EHEC 86-24 sepB mutant 


26 


EHECAtir 


EHEC 86-24 tir deletion mutant 


This study 


EHECAtir/T7-Tir 


EHEC 86-24 tir] deletion mutant carrying pEHEC-T7-Tir 


This study 


UMD619Atir 


EHEC 86-24 intimin-ft'r double mutant 


This study 


E2348/69 


EPEC 0137:H6 wild type 


12 


EPECAtir 


EPEC E2348/69 fir deletion mutant 


28 


CVD206 


EPEC E2348/69 intimin mutant 


9 


UMD207 


EPEC intimin mutant of plasmid-cured E2348/69 


9 


EPEC/pCVD540 


EPEC E2348/69 containing per regulon in pACYC184 


22, 27 



acterization of EHEC 0157:H7 Tir and show that, unlike 
EPEC Tir, it is not tyrosine phosphorylated in the host cell. We 
investigated the role of Tir phosphorylation in intimin binding 
and the binding affinity of EHEC and EPEC intimins for 
EHEC Tir and EPEC Tir in both in vitro and in vivo conditions. 



MATERIALS AND METHODS 

Bacterial strains and HeLa cell cultures. The strains used in this study arc 
listed in Table 1, HeLa cells (CCL2; American Type Culture Collection) were 
cultured in minimal essential medium (MEM) supplemented with 10% fetal calf 
serum, grown at 37°C in 5% C0 2 , and used at 80 to 90% confluence. 

Cloning and UNA sequence analysis. The oligonucleotides MS 108+ (5'- 
AAAAG ATCTA TGCCT ATTGG TAACC TT-3') and MS201 - (5'-AAAGT 
CGACG TTCAG ATCTT GATGA CAT-3') were used to amplify EHEC tir 
with chromosomal DNA from EHEC 0157:H7. MS108+ hybridized to the 
minus strand of the 5' end of EPEC tir, while MS201 - hybridized to the plus 
strand of EHEC orfll, located directly downstream from tir sequences in EPEC 
and EHEC. 'Hie PCR product was cloned into pBluescript SK(+), generating 
plasmid pMS60a. Clustal W was used for alignments of the predicted protein 
sequences. 

Construction of a nonpolar/i> deletion mutant. Primers RD101 + (5-TCCCC 
CGGGT TAAAT CAGTG TTATC TCAGA-3') and RD102- (5'-TCCCC 
CGGGC GGCGC ACGGT TATTA GGAA-3') were used to create a deletion 
of 1,257 bp between positions 251 and 1508 of the fir gene in pMSoOa by inverse 
PCR amplification. Both oligonucleotides RD10I and RU102 introduced a Sma\ 
restriction site, and RD101 introduced an in-frame stop codon. The 633-bp 
Sacl-Sall tir deletion fragment was cloned into the positive-selection suicide 
vector pCVD442 (9), also digested with Saci-Sal\. The resulting plasmid was 
used to construct by allelic exchange a tir deletion in wild-type EHEC S6-24 and 
its eae. deletion mutant derivative UMD619 as described previously (42), gener- 
ating strains EHECAtir and UMD619Atir, respectively. 

Construction of plasmids expressing fusion proteins. The coding region of 
EHEC tir was initially cloned into expression vector pET28a (Novagen), which 
contains amino-terminal six-His and T7 epitope tags. For expression in 
EHECAtir, the tir gene, including the vector-derived ribosome binding site and 
the six-His and T7 tags, was excised from pET28a and cloned into pACYC184 
under the control of the Tet' promoter, generating plasmid pEHEC-T7-Tir. This 
plasmid was transformed into EHECAtir to generate strain EHECAtir/T7-Tir. 

The T7-intimin and maltose-binding protein (MBP)-intimin fusion proteins 
for EPEC were constructed as previously described (19, 28). To create a T7- 
intimin fusion protein for EHEC, 831 bp encoding the carboxy terminus of 
EHEC intimin was amplified with primers DJR+ (5'-CACCC GGGGG 
ATCCG CCAGC ATTAC TGAGA TTAAG-3') and DJR- (5-TTGGA 
GCTCC GTCGA CGGAA TTATT CI'ACA CAAAC CGCA-3') and cloned 
into pET28a. Both 17-intimin fusion proteins were purified by agarose-nickel 
chromatography by following the manufacturer's directions (Oiagen). 

EHEC and EPEC protein secretion. High levels of protein secretion by EHEC 
86-24 and EPEC E2348/69 carrying plasmid pCVD450 were obtained by diluting 
Luria-Bertani (LB) medium-grown overnight cultures 1:100 in M9 minimal me- 
dium supplemented with 44 mM NaHCO.,, 0.4% glucose, and 0.1% Casamino 
Acids and allowing them to grow as standing cultures at 37°C in 5% CO, until the 
optical density at 600 ran (OD rt)() ) reached 0.7 to 0.8. Ten milliliters of culture 
supernatant was concentrated by tricholoracetic acid (TCA: 10% [vol/vol]) pre- 
cipitation, and the pellets were washed with 90% acetone and analyzed by 
sodium dodecyl sulfate (SDS)-12% polyacrylamide gel electrophoresis (PAGE). 
Culture supernatants used for enzyme-linked immunosorbent assays (ELlSAs) 
were used undiluted (EPEC) or concentrated 10-fold by ultrafiltration (EHEC) 
(Amicon-30 apparatus; Amicon). 

EHEC Tir antibody production and protein sequencing. Concentrated EHEC- 
secreted proteins were resolved by SDS-12% PAGE and transferred to nitro- 



cellulose. Bands were visualized by Ponceau S staining, and the 72-kDa Tir band 
was excised, fragmented, and used to immunize rats. The titer was assessed by 
immunoblot analysis of EHEC-secreted proteins; a titer of 1 :2,000 to 1 ;5,000 was 
used for immunoblotting. For amino-terminal protein sequencing, proteins were 
transferred to polyvinylidenc difluoride membranes, stained with Ponceau S, and 
excised for analysis. 

Cellular fractionation and immunoblotting. Cellular fractionation was per- 
formed as described previously (40). Briefly, cultured HeLa cells were infected 
with EPEC CVD206 for 3 h or EHEC UMD619 for 6 hr, with the culture media 
being replaced after 3 h, washed, and solubilized with 50 mM Tris (pH 7 .4)-!% 
Triton X-100 supplemented with protease inhibitors (10 u.g of leupeptin per ml. 
1 mM phenylmethylsulfonyl fluoride, 1 mM ED FA) and phosphatase inhibitors 
(1 mM NaV0 4 , 1 mM NaF, 100 mM Microcystin LR). Triton X-100-soluble 
membrane fractions were separated from the insoluble fraction containing ad- 
herent bacteria and host cytoskeleton by centrifugation. Samples for alkaline 
phosphatase treatment were prepared with 50 mM Tris (pll 8.0)-l% Triton 
X-100 without phosphatase inhibitors and treated with 2 U of alkaline phospha- 
tase (New England Biolabs) for 1 h at 37°C. Samples were analyzed by immu- 
noblotting with anti-Tir, anti-phosphotyrosine (anti-PY; clone 4G10; Upstate 
Biotechnology, Inc.), and anti-T7 (Novagen) antisera as described previously 
(40). 

Immunofluorescence microscopy. One milliliter of 5 X 10* HeLa cells was 
added to each well of a 24-well plate containing a 12-mm round glass coverslip. 
For single infections, monolayers were infected with 5 u4 of a standing overnight 
culture and incubated for 3 h (EPEC) or 6 h (EHEC) at 37°C in 5% C0 2 . 
Monolayers for coinfection experiments were infected with equal amounts of the 
two strains used and incubated for 6 h. Samples were fixed in 2.5% paraformal- 
dehyde and permeabilized with 0.1% Triton X-100. Antisera were used at the 
following dilulions: rat anti-EPEC Tir, 1:500; mouse anti-PY, 1:100; mouse 
anti-T7, 1:100 (Novagen); rabbit anti-EHEC 0157, 1:10 (Difco); fluorescein 
isothiocyanate-phalloidin or Texas red-phalloidin, 1:800 (Molecular Probes); 
donkey anti-rat Cy3, 1:1,600 (Jackson Laboratory); and goat anti-mouse Alexa 
48S (Molecular Probes) or Texas red, 1:400 (Jackson Laboratory). 

Intimin binding to epithelial cells. One milliliter of 10 s HeLa cells was added 
to each well of a 24-well plate containing a 12-mm glass coverslip and grown 
overnight. Monolayers were infected with broth-grown CVD206 or UMD619 (10 
uj/well) for 3 or 6 h, followed by the addition of gentamicin (1 h) and washing as 
previously described (40). MBP-EPEC intimin and T7-EHEC intimin were 
added (5 u-g/well), and the plates were incubated for 45 min at 37°C. Cells were 
fixed in 2.5% paraformaldehyde and prepared for immunofluorescence micros- 
copy as described above. For these experiments, anti-T7 antiserum was used at 
1:1,000 and anti-MBP antiserum was used at 1:1,000. 

Intimin binding ELISAs. ELISAs measuring intimin binding to Tir secreted by 
EPEC or EHEC were carried out as previously described (28). Briefly, 50 u.1 of 
EPEC or 10-fold-concentrated EHEC culture supernatant was added to Immu- 
lon-4 96-wel] plates, blocked with 0.1% Tween 20-phosphate-buffered saline, 
and incubated with T7-intimin (from EPEC or EHEC) (0.3 to 300 nM). •17- 
intimin binding was detected with mouse anti-T7 antiserum (1:5,000) followed by 
goat anti-mouse horseradish peroxidase (1:2,000) and visualized with o-phenyl- 
enediamine (Sigma) as a substrate at OD M) , 

Gel overlays. Overlays were performed as previously described (28). Briefly, 
concentrated secreted proteins were resolved by SDS-12% PAGE, transferred 
to nitrocellulose, and incubated with T7-EHEC intimin followed by anti-T7 
antiserum. Blots were reprobed with polyclonal rat anti-Tir antiserum. 

Nucleotide sequence accession number. The nucleotide sequence of the 
EHEC tir gene has been deposited in GenBank under accession no. AF125993. 



RESULTS 

EHEC 0157:H7 secretes a homologue of Tir. To determine 
whether EHEC secretes a Tir homologue, we analyzed TCA 
precipitates of culture supernatants from different EHEC 
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FIG. I. Protein secretion profiles of EHEC OI57:ll7 strains. (A) Secreted 
proteins derived from equal amounts of EHEC 86-24 (wild type), UMD6I9 
(intimin mutant). CVD451 (SepB mutant), and F.HP.CAtir standing cultures 
grown to an OD (( „ of O X were analyzed by SDS-12% PAGE and stained with 
Coomassie blue. Arrows mark the positions of known El lEC-secrcted proteins. 
(B) EHEC 0157:H7 strain 86-24 was cultured in LB medium. Dulbecco MP.M 
(DMEM). or M9 minimal medium and grown to an OU MK , of 0.7 to 0.8. TCA- 
precipitated culture supernatants or bacterial cell lysates derived from equivalent 
amounts of bacteria were resolved by SDS-12% PAGE, transferred to nitrocel- 
lulose, and probed with polyclonal rat anti-EHEC Tir antisera. Molecular mass 
markers are in kilodaltons. 



strains grown in M9 minimal medium. A 72-kDa protein was 
found to be secreted by both wild-type EHEC 0157:H7 strain 
86-24 and its intimin mutant derivative UMD619 but not by the 
type III secretion mutant CVD451 (Fig. 1A). Secretion of 
other EHEC virulence proteins, including EspA and EspB (26) 
and EspP/PssA (5, 8), was also observed under these condi- 
tions (Fig. 1A). The 72-kDa band also cross-reacted with anti- 
EPEC Tir antisera on an immunoblot (data not shown). To 
further investigate this protein, we transferred the 72-kDa 
band to polyvinylidene difluoride paper and obtained its ami- 
no-terminal sequence, which was identical to that of EPEC Tir, 
with the exception of 4 residues (Fig. 2). These results indicate 
that, like EPEC, EHEC produces and secretes a Tir protein, 
albeit of a different size (EHEC Tir, 72 kDa; EPEC Tir, 78 
kDa) (28). 

Cloning and characterization of EHEC tir. Based on the 
above evidence, we cloned the corresponding gene by PCR 



amplification from EHEC chromosomal DNA. Primers were 
designed to hybridize with the start of orfU, directly down- 
stream from EPEC tir and, because of the amino-terminal 
protein sequence similarity, with the 5' end of EPEC tir. Once 
this region was cloned and sequenced, an open reading frame 
encoding a predicted protein of 558 amino acids was found. 
We compared the EHEC 0157:H7 Tir protein sequence to the 
sequences of EPEC 0127:H6 strain E2348/69 Tir and E. coli 
026:H- Tir, two other functionally characterized Tir proteins 
reported to become tyrosine phosphorylated upon transloca- 
tion to the host cell (7). Figure 2 shows a Clustal W alignment 
of these sequences. EHEC Tir was 58% identical to EPEC Tir 
and 68% identical to 026:H- Tir. AH three Tir sequences 
contain two putative transmembrane domains (TM predict; 
ISREC, Epalinges, Switzerland). EHEC Tir and EPEC Tir 
were most homologous from the amino terminus through the 
second predicted transmembrane domain (65% identity) but 
showed only 41% identity over the carboxy-terminal 200 amino 
acids. This region contains the tyrosine residues that in EPEC 
are potential substrates for phosphorylation, due to their pre- 
dicted intracellular location (28, 40). Interestingly, although all 
three sequences contain 6 tyrosine residues, the positions of 
these tyrosines are not identical. EHEC Tir lacks one tyrosine 
(position 473 in EPEC) present in both EPEC Tir and 
026.H- Tir, and a second tyrosine in EHEC Tir (position 490 
in EHEC) is in an entirely different primary sequence context. 

EHEC and EPEC secrete Tir under different conditions. 
Our data demonstrating that EHEC Tir is secreted in M9 
medium suggested that conditions for Tir secretion from 
EHEC are different from those observed with EPEC. EPEC 
does not secrete Tir in M9 medium unless provided with extra 
copies of the per regulator, which is not present in EHEC 
0157:H7 (28). To further investigate the conditions necessary 
for EHEC Tir secretion, EHEC 86-24 was grown as a standing 
culture for 7 h at 37°C in either LB medium, M9 medium, or 
Dulbecco MEM, and Tir synthesis and secretion were exam- 
ined by Western blotting with polyclonal rat anti-EHEC Tir 
antisera. Unlike that in EPEC, EHEC Tir synthesis was stim- 
ulated in bacteria grown in M9 medium or Dulbecco MEM but 
not in LB medium (Fig. IB and data not shown). Detectable 
EHEC Tir secretion occurred only from bacteria cultured in 
M9 medium. 

EHEC Tir is necessary for cytoskeletal rearrangements and 
bacteria] adhesion. In order to evaluate the role of EHEC Tir 
in A/E lesion formation, we next constructed an EHEC tir 
deletion mutant by allelic exchange as described in Materials 
and Methods. The chromosomal deletion was confirmed by the 
absence of Tir protein on both Coomassie blue-stained gels 
(Fig. 1A) and anti-Tir antiserum immunoblots and by the PCR 
amplification of a smaller DNA fragment with primers 
RD101+ and RD102- (data not shown). Secretion of EspA, 
EspB, and EspP/PssA was unaffected by the tir deletion (Fig. 
1A). 

HeLa cells infected with either wild-type EHEC or 
EHECAtir for 6 h were fixed and stained for immunofluores- 
cence microscopy. Wild-type EHEC formed microcolonies, as 
shown by phase microscopy and staining with anti-0157 anti- 
sera (Fig. 3D and M). Actin, but not phosphotyrosine, was 
observed beneath adherent EHEC (Fig. 3E and F), confirming 
previous results reported from other laboratories (25). Infec- 
tion with the tir deletion strain EHECAtir resulted in a loss of 
actin condensation beneath adherent bacteria, with no change 
in host cell phosphotyrosine (Fig. 3G to I). Additionally, de- 
letion of tir significantly altered the pattern of EHEC adhesion 
to HeLa cells. Bacterial adhesion was greatly reduced, and the 
few remaining EHEC adhered diffusely, rather than as micro- 
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FIG. 2. Clustal W alignment of the EHEC 0157:117 strain 86-24 Tir protein sequence (AF125993) with those of EPEC 0127:116 strain E2348/69 Tir (AF013122) 
and EHEC 026:- Tir (AJ223U63). Amino acid residues identical in all three proteins are indicated by shading, the two predicted transmembrane domains are 
underlined, and the tyrosine residues are indicated by asterisks. 



colonies (Fig. 3G and N). To further determine whether the 
microcolony adhesion pattern in EHEC was mediated by Tir 
binding to its ligand intimin, we examined the adherence pat- 
terns of the EHEC intimin mutant UMD619 and a 
UMD619Atir double mutant. Both strains showed reduced, 
diffuse adhesion, in a pattern identical to that of strain 
EHECAtir (see Fig. 8C) (data not shown). These data suggest 
that EHEC Tir plays an important role in promoting bacterial 
adherence to the host cell. 

EHEC Tir is translocated to the host cell but is not tyrosine 
phosphorylated. We next determined whether EHEC Tir is 
translocated to the host cell membrane and its location in the 
actin pedestal. EHECAtir was transformed with plasmid pE- 
HEC-T7-Tir (a pACYC184 derivative encoding the T7-His-Tir 
fusion protein) to create EHECAtir/T7-Tir. HeLa cells were 
infected with this strain for 6 h, after which samples were 
prepared for immunofluorescence microscopy or bacteria were 
killed with gentamicin and incubated for a further 3 h in order 
to enhance pedestal formation (40). Expression of the T7-Tir 
fusion protein in EHECATir restored both bacterial adhesion 
and actin accumulation, which was evident after 6 h of infec- 
tion. After 9 h, cells infected with EHECAtir/T7-Tir were 
strongly labelled with anti-T7 antisera (Fig. 3K). Anti-T7 an- 
tiserum staining was localized to the tip of the EHEC pedestal 
(Fig. 3J to L) and was not observed in bacteria not associated 
with HeLa cells. Since anti-T7 antisera only recognize the 
amino-terminal T7 epitope fused to Tir in cells pcrmeabilized 
with Triton X-100, this pattern of labelling strongly suggests 
that the amino terminus is inside the host cell. Collectively, 
these data indicate that Tir is translocated to the host cell, 
where it resides at the tip of the pedestal beneath adherent 
EHEC. 

The absence of anti-PY antiserum labelling beneath adher- 
ent EHEC suggested that Tir is not tyrosine phosphorylated. 
To determine the size and possible phosphorylation of the 
translocated form of EHEC Tir, we prepared membranes from 
HeLa cells infected with the EHEC intimin mutant UMD619. 
Under these conditions, Tir should become phosphorylated 
and remain in the Triton X-100-soluble fraction, facilitating 
further analysis (38). Triton X-100-soluble membranes were 
incubated in the presence or absence of the nonspecific phos- 
phatase calf intestinal alkaline phosphatase prior to resolution 
by SDS-8% PAGE and immunoblotting with anti-EHEC Tir 



and anti-PY antisera. Membranes from EPEC CVD206-in- 
fected HeLa cells were used for comparison. Anti-EHEC Tir 
antiserum recognized two bands (88 and 72 kDa) in mem- 
branes from UMD619-infected HeLa cells but not uninfected 
cells (Fig. 4A). The 88-kDa form was found only with the 
membrane fractions from UMD619-infected HeLa cells, while 
the 72-kDa band comigrated with the secreted form of EHEC 
Tir. Alkaline phosphatase treatment decreased the apparent 
size of the 88-kDa band to 72 kDa, suggesting that EHEC Tir 
is posttranslationally modified in the host cell, most likely by 
phosphorylation. However, there was no evidence for EHEC 
Tir tyrosine phosphorylation, as no bands of the appropriate 
molecular weight were observed on an an anti-PY antiserum 
blot (Fig. 4C), confirming the results obtained by immunoflu- 
orescence microscopy (Fig. 3). The 72-kDa band observed in 
the HeLa cell extract may represent translocated but unmod- 
ified Tir or Tir that became dcphosphorylated during the pro- 
cess of membrane preparation. Thus, the posttranslational 
modification of EHEC Tir differs from that of EPEC Tir, 
which is tyrosine phosphorylated upon translocation to the 
host cell (Fig. 4B and C) (28, 38, 40). 

Intimin binding to EHEC Tir and EPEC Tir. An important 
function of EPEC Tir is to bind EPEC intimin. We have 
previously shown that EPEC intimin can bind to both the 
unphosphorylated, bacterially secreted form of Tir (28) and 
the larger, phosphorylated form isolated from host cell mem- 
branes (40). We examined whether EHEC Tir is the EHEC 
intimin receptor and whether posttranslational modification is 
necessary for intimin binding by using gel overlay experiments. 
EHEC culture supernatants were diluted in the presence of a 
constant amount of HeLa cell membrane extract to assess 
binding specificity, resolved by SDS-12% PAGE, transferred 
to nitrocellulose, and probed with purified T7-intimin fusion 
protein. As shown in Fig. 5, intimin bound in a concentration- 
dependent manner, to a single 72-kDa band which was iden- 
tified as EHEC Tir after reprobing of the blot with anti-EHEC 
Tir antisera. These data suggest that, as in EPEC, posttrans- 
lational modification is not necessary for EHEC intimin bind- 
ing in vitro and that other EHEC-secreted proteins are not 
needed to facilitate this binding. Additionally, the binding of 
EHEC intimin to proteins contained in the HeLa cell extract 
was not detected. 

Our data demonstrating that Tir phosphorylation is not nec- 
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FIG. 3. Immunofluorescence microscopy of HeLa cells following a 6-h infection with wild-type EHEC 0157:H7 strain 86-24 or EHECdtir or a 9 h infection with 
EHECAtir/T7-Tir. Fixed and permeabilized* cells were colabelled with either anti-PY antisera and Texas red-phalloidin (B, C, E. F, H, and I) or anti-T7 antisera and 
Texas red-phalloidin (K and K) or singly labelled with anti-0157 antisera (M and N) to illustrate bacterial adherence. Arrowheads in J, K, and L indicate the localization 
of anti-T7 antisera with the actin pedestals. (A, D. G, and J) Phase-contrast images of the sections used for immunofluorescence. 



essary for in vitro intimin binding suggested that EHEC and 
EPEC intimins may thus bind interchangeably to EPEC Tir 
and EHEC Tir, which are not equally posttranslationally mod- 
ified in the host cell. We therefore used an ELISA to measure 
the relative affinities of these Tir-intimin interactions. ELISA 
wells were coated with culture supernatants from either EHEC 
or EPEC/pCVD450 (28) and incubated with increasing con- 
centrations of either T7-EHEC intimin or T7-EPEC intimin. 
Both T7-EHEC intimin and T7-EPEC intimin were ligands for 
EPEC Tir and bound with similar affinities, with a half-maxi- 
mal concentration in the low nanomolar range (1 to 10 nM) 
(Fig. 6A). Surprisingly, this was not the case for EHEC Tir, 
which had an approximately 20-fold-higher affinity for its own 
T7-intimin than for T7-EPEC intimin (Fig. 6B). No specific 
intimin binding was observed with supernatants from EHEC or 
EPEC tir deletion strains, suggesting that both EHEC and 
EPEC intimins bound to the same protein (Tir) in the super- 



natants. These data indicate that EHEC and EPEC intimins 
can cross complement each other in vitro, albeit with different 
binding affinities. 

We next investigated the ability of EHEC and EPEC in- 
timins to bind to EHEC Tir and EPEC Tir delivered to HeLa 
cell membranes. Tir was delivered to HeLa cells in the absence 
of intimin by use of the intimin mutants UMD619 (EHEC) and 
CVD206 (EPEC). The bacteria were killed with gentamicin, 
followed by the addition of equal amounts of T7-EHEC in- 
timin and MPB-EPEC intimin fusion proteins. Bound fusion 
protein was detected by immunofluorescence microscopy. No 
binding of either fusion protein to uninfected cells was de- 
tected (Fig. 7, top panels). However, both T7-EHEC intimin 
and MBP-EPEC intimin bound to UMD619- and CVD206- 
infected cells (Fig. 7, middle and bottom panels). These data 
suggest that EHEC and EPEC intimins can bind to both 
EHEC Tir and EPEC Tir residing in the host cell membrane. 
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FIG. 4. EHEC Tir is translocated to the host cell but not tyrosine phosphor- 
ylated. HeLa cells were infected with either EHEC UMD619 or EPEC CVD206, 
and Triton X-100-soluble membrane tractions were prepared, treated with alka- 
line phosphatase (Alk Phos), and resolved by SDS-8% PAGE. After being 
blotted to nitrocellulose, the samples were probed with anti-EHEC Tir (a), 
anti-EPEC Tir (b), or anti-PY (c) antisera. Molecular mass markers are in 
kilodaltons. 



The above experiments demonstrated that EHEC and 
EPEC intimins can bind to EHEC Tir and EPEC Tir indepen- 
dently of their phosphorylation states, but did not address 
whether actin rearrangements still occurred. To address this 
question, HeLa cells were coinfccted with the EHEC or EPEC 
intimin mutants (to deliver Tir) and EHECAtir or EPECAtir 
(to provide intimin). We used the EPEC intimin mutant 
UMD207, which lacks the bundle-forming pilus, as it adheres 
to the host cell in a diffuse, EHEC-like adhesion pattern. 
Under these conditions, actin structures should be evident 
beneath EHECAtir or EPECAtir only if the intimin they pro- 
vide can interact functionally with the Tir delivered by the 
intimin mutants. When used alone, none of the strains focused 
actin or tyrosine phosphorylated proteins beneath adherent 
bacteria (Fig. 3G and H and Fig. 8E and F) (28). In all cases, 
coinfection with tir and intimin deletion strains restored the 
ability to induce cytoskclctal rearrangements and pedestal for- 
mation. Coinfection with EHECAtir and either the EPEC or 
the EHEC intimin mutant resulted in the formation of small 
bacterial colonies on the HeLa cell surface (Fig. 8A and B), in 
a manner similar to that for wild-type EHEC. This result is 
consistent with our observation that EHEC can adhere to the 
host cell only if a functional Tir-intimin interaction takes place. 




[TT-I.lif.i-]. 

FIG. 6. Intimin binds interchangeably to EHEC Tir and EPEC Tir. ELISA 
wells were coated with EPEC- or EHEC-secreted proteins, incubated with in- 
creasing concentrations of intimin, and visualized with o-phenylenediamine. (A) 
EPEC-T7 intimin (triangles) or EHEC-T7 intimin (diamonds) binding to culture 
supernatants from EPEC/pCVD450 (open symbols) or EPECAtir (filled sym- 
bols). (B) EHEC-T7 intimin (squares) or EPEC-T7 intimin (circles) binding to 
EHEC 86-24 (open symbols) or EHECAtir (filled symbols). Data are presented 
as means ± standard deviations for triplicate points from one representative 
experiment. 



Actin structures were evident directly beneath all adherent 
EHECAtir bacteria and were indistinguishable from those 
formed when wild-type EHEC was used. 

Coinfection with EPECAtir to provide intimin and either 
EHEC UMD619 or EPEC UMD207 to deliver Tir resulted in 
actin rearrangements beneath the adherent bacteria, but the 



> > <b N fc & & 

N' N' N' <• \- N' 



107- 
69- 



45- 



107- 
69- 



45- 



T7-lntimin overlay 



Anti EHEC-Tir 



FIG. 5. Intimin binds to secreted EHEC Tir. Gel overlay of diluted EHEC 
culture supernatants treated with equal amounts of HeLa cell membrane ex- 
tracts. (Left) Samples were resolved by SDS-12% PAGE, transferred to nitro- 
cellulose, overlaid with 100 u.g of EHEC T7-intimin fusion protein, and probed 
wilh anti-T7 antisera. (Right) The same bio! was reproved with anti-EHEC Tit 
antisera. Dilutions of EHEC culture supernatants are indicated above the panels, 
and molecular mass markers are in kilodaltons. 




FIG. 7. Immunofluorescence microscopy of epitope-tagged intimin binding 
to EHEC- or EPEC-infected cells. HeLa cells infected wilh either EPEC 
CVD206 or EHEC UMD619 were incubated with equal amounts of both T7- 
EHEC intimin and MBP-EPEC intimin. Bound fusion proteins were visualized 
with anti-T7 and anti-MBP antisera labelled with either fluorescein isothiocya- 
nate (EHEC intimin) or Texas red (EPEC intimin). 
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adherence patterns were not identical. Coinfection with 
EPECAtir and EHEC UMD619 resulted in the formation of 
microcolonies on the HeLa cell surface, with rearranged actin 
evident beneath some but not all microcolonies (Fig. 8C). In 
contrast, when HeLa cells were infected with EPECAtir and 
EPEC UMD207, actin rearrangements were observed beneath 
adherent bacteria within each microcolony, in a manner similar 
to that seen with wild-type EPEC (Fig. 8D). These differences 
in actin rearrangements may be due to either less efficient Tir 
delivery by EHEC or lower-affinity binding of EPEC intimin to 
EHEC Tir (Fig. 6B). 

Tir tyrosine phosphorylation was examined by labelling with 
anti-PY antiserum and was only evident beneath adherent 
bacteria when EPEC Tir was delivered. Anti-PY antiserum 
labelling was observed beneath both EHECAtir and EPECAtir 
when coinfected with EPEC TJMD207 (Fig. 8A and D), sug- 
gesting that EPEC Tir tyrosine phosphorylation is not altered 
by binding EHEC intimin. Additionally, we were unable to 
stimulate EHEC Tir tyrosine phosphorylation with any coin- 
fection conditions tested. In HeLa cells coinfected with EHEC 
UMD619 and EPECAtir, there was no accumulation of phos- 



photyrosine beneath adherent bacteria (Fig. 8C). These data 
also indicate that EPEC signalling to the host cell does not 
stimulate the tyrosine phosphorylation of EHEC Tir and that 
EHEC Tir is not a substrate for tyrosine phosphorylation. 

DISCUSSION 

Intimate attachment to the host cell leading to the formation 
of A/E lesions is an essential feature of EHEC pathogenesis. 
This feature has been shown in the related pathogen EPEC to 
be dependent upon translocation of the intimin receptor, Tir, 
which becomes tyrosine phosphorylated within the host cell. In 
EHEC, the accumulation of tyrosine-phosphorylated proteins 
beneath adherent bacteria does not occur, leading to questions 
about whether EHEC uses the same Tir-based mechanism for 
adherence and A/E lesion formation as EPEC. In this report, 
we demonstrate that EHEC 0157:H7, like EPEC, produces a 
Tir protein which is translocated to the host cell membrane, 
where it binds intimin and focuses the cytoskeleton beneath 
the pathogen. Although EHEC Tir shares these functions with 
EPEC Tir, there are some significant differences between these 
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FIG. 9. Hairpin model for EHEC Tir structure. EH EC Tir is predicted to be 
an integral membrane protein with two transmembrane domains (TMD's). Both 
the amino and carboxy termini are predicted to reside within the host cell, and 
intimin is thought to bind to a putative extracellular loop. 



two proteins. EHEC Tir is not tyrosine phosphorylated, and it 
is required for adherence to the host cell. Additionally, we 
show that both EHEC and EPEC intimins are functionally 
interchangeable with regard to Tir binding and the induction 
of cytoskeletal rearrangements in epithelial cells. 

Tir proteins from EHEC and EPEC share several common 
features. Secretion and translocation of both EHEC Tir and 
EPEC Tir are facilitated by an intact type III secretory appa- 
ratus (Fig. 1) (28). Both EHEC Tir and EPEC Tir are pre- 
dicted to be integral membrane proteins that contain two 
transmembrane domains. The proteins show a high degree of 
amino acid identity, particularly in their amino termini, but are 
most divergent in their carboxy-terminal domains. This region 
of the protein contains tyrosine residues that in EPEC Tir are 
potential substrates for phosphorylation. EHEC Tir, which is 
not tyrosine phosphorylated, lacks one of these residues. In 
EPEC Tir, these residues are predicted to reside in an intra- 
cellular domain due to their inaccessibility to labelling with 
anti-PY antiserum unless cells arc permcabilized in immuno- 
fluorescence microscopy experiments (40). Based on this in- 
formation, the prediction of two transmembrane domains, and 
our observations suggesting that the EHEC Tir amino termi- 
nus may be intracellular, we propose a "hairpin" model for Tir 
topology (Fig. 9). In this model, the amino and carboxy termini 
are intracellular, and the intimin binding domain is predicted 
to be the extracellular loop. We are presently undertaking 
experiments to test the validity of this model and to explore the 
role of the type III secretion system in Tir delivery to the host 
cell. 

Tir is probably a common feature of A/E pathogens. Se- 
quences encoding tir have been identified from a variety of A/E 
pathogens, including several strains of Shiga toxin-producing 
E. coli (STEC), Hafnia alvei, and the rabbit pathogen RDEC-1 
(7, 37) (GenBank accession no. AF045568). Tir translocation 
to the host membrane has been described for another A/E 
pathogen, a STEC 026:H- strain (7). Unlike EHEC 0157:H7 
Tir, STEC 026:H- Tir is tyrosine phosphorylated and con- 
tains the same number and sequence distribution of tyrosine 
residues as does EPEC Tir. 

A role for Tir tyrosine phosphorylation is not immediately 
obvious. Tir phosphorylation is not necessary for in vitro in- 
timin binding, as indicated by our ELISA and gel overlay 
results demonstrating that EHEC and EPEC intimins can bind 
to the unphosphorylated forms of EHEC Tir and EPEC Tir. 
Although EHEC Tir is not tyrosine phosphorylated, infection 



with EHEC induces the formation of pedestal structures that 
are indistinguishable from those elicited by EPEC. Under no 
conditions did we observe the accumulation of tyrosine-phos- 
phorylated proteins within the actin structures beneath adher- 
ent EHEC, even when we coinfected them with an EPEC tir 
deletion strain, suggesting that EHEC Tir is not a substrate for 
tyrosine phosphorylation. This result is in contrast to work by 
Ismaili and coworkers, who reported that phosphotyrosine- 
containing proteins accumulate beneath EHEC when HEp-2 
cells are coinfected with an EPEC intimin mutant strain (24). 
As the study was performed before the identification of EHEC 
Tir and EPEC Tir, a possible explanation for the data is that 
EHEC intimin binds to Tir translocated by the EPEC intimin 
mutant strain, which is tyrosine phosphorylated. Taken to- 
gether, the results from this and other studies strongly suggest 
that Tir tyrosine phosphorylation is not essential for intimin 
binding and pedestal formation. 

EHEC forms actin-rich pedestals that are indistinguishable 
from the ones elicited by EPEC, although they appear to form 
at a slower rate. In EPEC, Tir translocation is evident 2 to 3 h 
postinfection, and pseudopods form after 6 h (28, 40); in 
EHEC, Tir translocation is not observed until 5 to 6 h postin- 
fection, and pseudopods appear after 9 h. These results are 
most likely due to differences in the regulation of Tir expres- 
sion and translocation observed between EHEC and EPEC, 
rather than to differences in Tir phosphorylation. Unlike 
EPEC, EHEC cannot be preinduced to rapidly form A/E le- 
sions by subculturing in tissue culture medium for several 
hours prior to infection of host cells (39; this study; and data 
not shown), suggesting that conditions regulating gene expres- 
sion or translocation of proteins involved in A/E lesion forma- 
tion differ between EHEC and EPEC. Once Tir is translocated 
to the host cell, pedestal elongation occurs over the same time 
frame in both pathogens. Although the initiation of pedestal 
formation requires de novo bacterial protein synthesis, bacte- 
rial viability is not required for pedestal elongation in both 
EPEC and EHEC, suggesting that these events are wholly 
dependent on host cell processes (40). 

It is not surprising that EHEC Tir and EPEC Tir expression 
and secretion may be regulated differently. EHEC Tir secre- 
tion can be induced by culturing in M9 medium, while that of 
EPEC cannot (this study; 28). EPEC, but not EHEC, contains 
the pEAF virulence plasmid encoding the per/bfpTVW genes, 
one of which encodes a member of the AraC family of tran- 
scriptional regulators (22, 43). Overexpression of the per/bf- 
pTVW genes in EPEC enhances Tir and Esp secretion (28, 30). 
The sequence of the EHEC large virulence plasmid has just 
recently been published (GenBank accession no. AB011549) 
and does not appear to encode genes having homology to 
known transcriptional regulator genes. Protein secretion from 
EPEC, STEC, and the rabbit pathogen RDEC-1 is known to 
be tightly controlled by environmental conditions. Secretion of 
EspA and EspB from all three bacterial species is greatly 
enhanced at the normal host body temperature (2, 14, 30) and, 
for EPEC, induced by conditions similar to those found in the 
host gastrointestinal tract (27). As EHEC and EPEC colonize 
different regions of the intestine (36), the regulation of protein 
secretion may be fine-tuned to the different microenviron- 
ments encountered by these pathogens. 

EHEC Tir plays an essential role in promoting bacterial 
adhesion by binding its ligand intimin. Deletion of Tir, intimin, 
or both results in a profound decrease in bacterial adhesion to 
the host cell, suggesting that EHEC requires an intact Tir- 
intimin pair for adhesion to HeLa cells. Our studies examining 
EHEC adherence in the absence of the receptor, Tir, comple- 
ment work examining the effect of deletion of the ligand, in- 
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timin (10, 34). McKee and coworkers demonstrated that an 
EHEC 0157:H7 intimin deletion strain did not adhere either 
to HEp-2 cultured epithelial cells or to the intestines of gno- 
tobiotic piglets, nor did it form AVE lesions (34). Transforma- 
tion with a plasmid encoding EHEC intimin restored the wild- 
type phenotype. This result differs from what has been 
observed with other A/E pathogens, where adherence in vitro 
is not affected by mutations in the intimin gene, tir, or genes 
required for Tir delivery. For example, in EPEC, RDEC-1, and 
rabbit O103 EPEC, strains containing mutations in espA, espB, 
or the type III secretory apparatus genes adhere normally to 
epithelial cells both in vitro and in vivo without forming A/E 
lesions (1, 2, 11, 28, 31). In these pathogens, initial adherence 
is believed to be mediated by other adhesins, such as BFP 
(EPEC), AF/R1 (RDEC-1), and AF/R2 (rabbit O103 EPEC) 
(3, 4, 16, 21, 45), whereas Tir and intimin mediate intimate 
adherence and pedestal formation. To date, no adhesins of this 
type have been identified for EHEC 0157:H7. 

Recently, novel filamentous organelles containing the se- 
creted protein EspA have been identified in both EPEC and 
STEC 026:H- (15, 33). These organelles form a bridge be- 
tween the bacterium and the host cell and are hypothesized to 
be involved in the translocation of EPEC and STEC virulence 
proteins into the host cell. Although these structures have not 
yet been reported for EHEC 0157:H7, an EHEC EspA ho- 
mologue has been identified (14). espA mutant strains do not 
translocate Tir or form A/E lesions (28) and, in the case of the 
STEC strain, no longer adhere to the host cell (15). Whether 
the lack of adherence observed is due to the inability of espA 
mutant strains to translocate Tir or to a role played by the 
EspA filaments is unknown. 

We have shown that actin pedestals elicited by EHEC and 
EPEC appear similar and that EHEC and EPEC intimins are 
functionally interchangeable with regard to Tir binding and 
pedestal formation. Heterologous Tir-intimin binding elicited 
actin pedestals that were indistinguishable from those formed 
by same-species Tir-intimin binding pairs, despite the differ- 
ences observed in the in vitro binding affinities. However, one 
major difficulty in fully assessing differences in the pedestals 
formed in response to EHEC or EPEC binding either their 
own or each other's intimin is that wc only examined the 
recruitment of one cytoskeletal component (actin) to the ped- 
estal structure. We are just beginning to determine the com- 
position of the EPEC pedestal which, along with actin, con- 
tains at least ezrin, tailin, a-actinin, myosin light chain, and 
villin (17, 41). The cytoskeletal composition of the EHEC 
pedestal is still uncharacterized, there still may be differences 
in cytoskeletal proteins recruited to EHEC and EPEC pedes- 
tals, and these proteins may be differentially recruited to the 
pedestal in response to heterologous intimin binding. How- 
ever, we conclude that both EHEC and EPEC, despite their 
differences in Tir tyrosine phosphorylation, form actin-rich 
pedestals and that heterologous intimin binding does not affect 
pedestal formation. 

The in vivo consequences of heterologous Tir-intimin bind- 
ing are unclear. EPEC intimin has been shown to functionally 
complement the EHEC intimin mutant UMD619 in adherence 
to the piglet intestine and in eliciting diarrhea (44). Surpris- 
ingly, the localization of the bacteria within the intestine was 
found to be directed by the species from which intimin was 
expressed (44). Wild-type EHEC adheres to the large intes- 
tine, whereas EHEC UMD619, expressing plasmid-encoded 
EPEC intimin, adheres to both the large and the small intes- 
tines, in a manner representative of that of wild-type EPEC. 
The localization differences were attributed to the sequence 
divergence in the carboxy-terminal cell binding domains of 



EHEC and EPEC intimins; it was hypothesized that this di- 
vergence may direct intimin binding to different host receptors 
(44). It is difficult to reconcile this idea with our knowledge that 
both EHEC and EPEC insert their own intimin receptors into 
the host cell and that EHEC and EPEC intimins can bind 
interchangeably to both EHEC Tir and EPEC Tir. Possibly, 
the tissue specificity observed is due to an additional intimin 
receptor. EPEC intimin has been reported to bind to pi inte- 
grins in vitro (20), although the contribution of this binding 
event to adhesion to host tissues is unknown. 

We have shown that E. coli 0157:H7 produces a functional 
Tir that is inserted into host cell membranes, where it then 
functions as an intimin receptor. EHEC Tir is not tyrosine 
phosphorylated and plays a role in bacterial adherence to ep- 
ithelial cells. Intimin binding to EHEC Tir and EPEC Tir 
results in cytoskeletal rearrangements within the host cell, in- 
dicating that tyrosine phosphorylation is not needed for ped- 
estal formation. EHEC and EPEC intimins can functionally 
cross complement each other by binding to Tir from either 
EHEC or EPEC and inducing A/E lesion formation, although 
EHEC Tir has a higher affinity for EHEC intimin than for 
EPEC intimin. These findings highlight some of the differences 
between EHEC and EPEC adherence mechanisms and ped- 
estal formation. 
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